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� A heterogeneous grain structure was
designed in a high-Mn steel to obtain
excellent synergy of fracture
toughness and strength.

� Heterogeneous grain structures
induce larger size of plastic zone and
higher strain hardening capacity
around crack tips.

� Grain refinement and high density of
geometrically necessary dislocations
were observed along crack paths in
heterogeneous structures for high
toughness.

� The observed higher fracture
toughness in heterogeneous grain
structures can be partly attributed to
formation of microbands.
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a b s t r a c t

Heterogeneous grain structures were designed in a high Mn steel (Fe28Mn10Al1.00C), and the tensile
properties and fracture toughness were investigated and compared with those for homogeneous struc-
tures. The heterogeneous grain structures display larger tensile ductility, stronger strain hardening and
higher fracture toughness at the similar yield strength level. Hetero-deformation-induced hardening is
found to play an important role in the heterogeneous grain structures, resulting in better mechanical
properties. The size of plastic zone and the strain hardening capacity around the crack tip for the hetero-
geneous grain structures are found to be much larger/higher than those for the homogeneous grain struc-
tures at the same level of yield strength, resulting in better fracture toughness. High density of
geometrically necessary dislocations and grain refinement are induced at the adjacent area of the main
crack path, and numerous microvoids are also observed besides the main crack for the heterogeneous
grain structures, resulting in more energy dissipation for higher fracture toughness. The deformation
mechanisms around the crack tip are highly dependent on the magnitude of plastic strain and the grain
size. The observed higher fracture toughness in the heterogeneous grain structures can be partly attrib-
uted to the formation of microbands.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High strength and excellent ductility/toughness are always
demanded in steels for practical applications [1–10]. Through
several generations of development, advanced steels, such as
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twinning-induced plasticity steels (TWIP) [11,12], dual-phase
steels [13,14] and transformation-induced plasticity (TRIP) steels
[15,16], have attracted extensive research interests in last two dec-
ades. In the automotive industry, the absorbed energy under ten-
sile loading, i.e., the product of tensile strength and total
elongation, is generally considered as a judgement for the mechan-
ical properties of steels, the steels with a product of about or over
50000 MPa% can be called the advanced steels [3,4,11,15]. The
strength and ductility in steels can be tailored in general by the
grain size, the constituent phases and the chemical composition
[2,4,11].

Among the advanced steels, the Mn austenitic steels have
attracted extensive research efforts due to their excellent mechan-
ical properties [1,3,4,6,8,11–16]. With increasing Mn content and
stacking faulting energy (SFE), the dominant deformation mecha-
nism is transited from TRIP effect to TWIP effect in the Mn auste-
nitic steels [11–14]. These two effects have been considered as
two promising deformation mechanisms due to the extraordinary
strain hardening ability induced by martensite transformation
and so called ‘‘dynamic Hall-Petch effect”. Since higher standard
for safety and reduced weight are demanded for automotive indus-
tries in the future, more advanced steels with better mechanical
properties and lower density should be designed. In last decade,
a novel high-Mn steel with high SFE (50–90 mJ m�2), called as
the microband-induced plasticity (MBIP) steel [17–27], has been
developed. Moreover, an excellent synergy of strength/ductility
can also be achieved in high entropy alloys due to TRIP effect, TWIP
effect or MBIP effect with regulating SFE [28,29]. In the MBIP steels,
significant weight reduction and better tensile properties (a pro-
duct of tensile strength and total elongation of about 90000 MPa
%) can be achieved by �10 wt% Al addition into the high Mn steels
with about 28–30 wt% Mn. The generations of microbands and
highly dense dislocation walls in the grain interiors by geometri-
cally necessary dislocations (GNDs) were found to play an impor-
tant role on the strain hardening of MBIP steels.

The practical applications of the Mn austenitic steels with
coarse grains (CGs) are restricted and limited by their low yielding
strength. The Mn austenitic steels can generally be strengthened
by grain refinement or cold working, while such elevation in
strength results in a remarkable loss of ductility [3,5,9,10,18,25].
Heterogeneous grain structures have been proven to be a promis-
ing strategy to obtain superior synergy of strength and ductility in
metals and alloys [29–32]. The excellent tensile properties for
heterogeneous grain structures can be attributed to the strain par-
titioning between grains with various grain sizes, the GNDs at
domain boundaries and the hetero-deformation-induced (HDI)
hardening [33]. Thus, the strategy of heterogeneous grain struc-
tures can be utilized in the MBIP steels to achieve better mechan-
ical properties.

Besides yield strength and uniform elongation during tensile
loading, the damage tolerance, such as fracture toughness, should
also be considered for practical structural applications [34–44].
In general, fracture toughness and strength are mutually exclusive
in homogeneous structures since the fracture toughness is deter-
mined by the energy absorption ability during the process of crack
nucleation and propagation [36]. The energy absorption during ini-
tiation is generally related to the intrinsic toughening mechanisms,
which are associated with the hardening capacity and the size of
plastic zone around cracks. While, the energy absorption during
propagation is controlled by the extrinsic toughening mechanisms,
such as crack shielding and crack bridging [36]. Thus, heteroge-
neous grain structures should also have potential to achieve both
high strength and excellent fracture toughness, resolving the
toughness-strength dilemma [41–44], since extra HDI hardening
can be obtained in heterogeneous grain structures due to GNDs
generated at domain boundaries and strain partitioning between
2

varying domains [33]. However, the toughening mechanisms in
the MBIP steels with heterogeneous grain structures are still
unclear, and how heterogeneous grain structures affect the
initiation and propagation of cracks should be clarified. In these
regards, heterogeneous grain structures were designed and fabri-
cated in a high Mn MBIP steel, and the fracture behaviors and
the corresponding toughening mechanisms were systematically
studied.
2. Materials and experimental procedures

The chemical content for the high MnMBIP steel is as following:
27.9Mn, 9.8Al, 1.02C, 0.002Si, 0.003S, 0.01P, 0.002O, with balance
of Fe (wt. %). The high Mn MBIP steel was fabricated by repeated
melting under Ar atmosphere and cast into rods with 30 mm diam-
eter. The cast rods were then forged into rods with 22 mm diame-
ter at 900 �C. The rods were then homogenized at 1200 �C for 2 h
followed by water quenching to obtain a CG structure with single
austenitic phase (named as the CG sample). The homogenized rods
were first deformed by equal-channel angular pressing (ECAP) for
one pass, and then the ECAPed rods were further deformed by cold
rolling (CR) with a thickness reduction of about 42 % (named as the
ECAP + CR sample). According to the previous research [22], the
ECAP + CR samples were then annealed at 890 �C for 5 min to
obtain heterogeneous grain structures (named as the HS sample)
with a single austenite phase. Homogeneous structures with a sim-
ilar yield strength to the HS sample were also fabricated by only
cold rolling with a smaller thickness reduction of about 25 % based
on the CG sample (named as the CR sample). Thus, the tensile and
fracture behaviors of the HS sample and the CR sample were inves-
tigated and compared.

All quasi-static uni-axial tensile tests and load-unload-reload
(LUR) tests were conducted by an MTS landmark machine at room
temperature and at a strain rate of 5 � 10-4 s�1, utilizing a dog-
bone shaped sample with gauge dimensions of 10 � 2.5 � 1.0 m
m3. The tensile direction was along the rolling direction. Miniatur-
ized compact tension specimens were utilized for the fracture
toughness tests, and the crack propagation direction was set to
be perpendicular to the rolling direction. The fracture toughness
tests were conducted and the load-line displacement curves were
obtained using an MTS landmark machine. The dimensions of the
miniaturized compact tension specimens are as follows: a width
of 12 mm (W), a thickness of 6 mm (B), and an initial notch length
of about 5.4 mm (a0). Sharp fatigue crack tip was then produced
under a tension–tension loading mode until reaching a total crack
length of about 6 mm. Side grooves on both surfaces with a depth
of about 0.1B were machined in order to obtain valid data and
avoid obvious crack tunneling. Side grooves generally can insure
the straight crack extension by enhancing the surface stress con-
straint. The crack mouse opening displacements (CMOD) were
measured by a contactless video crack opening displacement gaug-
ing (VCOD) system. The details for the VCOD gauging system and
the determination method for the instantaneous crack length from
CMOD by the unloading compliance technique can be found in the
previous paper [44]. The J-R curves were then calculated according
to the ASTM standard E1820 [45].

The microstructures before and after fracture toughness tests
were characterized and revealed by Electron backscattered diffrac-
tion (EBSD) and transmission electron microscope (TEM). The frac-
ture surfaces were revealed by scanning electron microscope
(SEM). The strain hardening capacity around the crack tip was
characterized by micro-hardness measurements utilizing a Vickers
diamond indenter with 25 g load and 15 s dwell time. The other
details for microstructure characterization can be referred to our
previous paper [44].
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3. Results and discussions

The EBSD images for the CG sample, the HS sample and the CR
sample are displayed in Fig. 1. The images for inverse pole figure
(IPF) are shown in Fig. 1a1, 1b1 and 1c1, respectively. The phase
maps in the insets of Fig. 1a1, 1b1 and 1c1 indicate that these three
samples are fully composed of austenite phase. The maps with var-
ious boundaries (high-angle grain boundaries, low-angle grain
boundaries and twin boundaries) for these three samples are dis-
played in Fig. 1a2, 1b2 and 1c2, respectively. Moreover, the maps
of kernel average misorientation (KAM) for the HS sample and
the CR sample are shown in Fig. 1b3 and 1c3. The grain size distri-
butions for the CG and the CR sample are displayed in Fig. 1a3. As
indicated in Fig. 1a1-1a3, the CG sample has a relatively homoge-
neous structure with CGs, and the average grain size for the CG
sample is about 183 lm. The HS sample has a low KAM value
Fig. 1. EBSD images for the CG sample, the HS sample and the CR sample. The IPF i
corresponding phase maps are also shown in the insets of (a1), (b1) and (c1). The maps w
sample. (a3) The grain size distributions for the CG sample and the HS sample. The KAM
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and a low dislocation density due to the annealing at 890 �C for
5 min (Fig. 1b3). The grains in the HS sample are also fully recrys-
tallized (Fig. 1b2 and b3), while the HS sample shows a heteroge-
neous grain structure, bimodal grain size distribution is observed
for the HS sample (one peak at about 1 lm for small grains, and
the other peak at about 10 lm for large grains). As indicated in
Fig. 1c1, the CR sample shows a relatively homogeneous CG struc-
ture, while the CR sample has a high KAM value (Fig. 1c3) due to
the small thickness reduction of about 25 % during the CR process.
This high KAM value indicates that high density of dislocations
were introduced to the CR sample. Moreover, numerous low-
angle grain boundaries are observed in the CR sample, and the
sub-grain structures are formed due to the high density of
dislocations.

TEM observations for the HS sample and the CR sample are
shown in Fig. 2. TEM images for the HS sample are displayed in
mages for (a1) the CG sample; (b1) the HS sample and (c1) the CR sample. The
ith various boundaries for (a2) the CG sample; (b2) the HS sample and (c2) the CR
maps for (b3) the HS sample; (c3) the CR sample.



Fig. 2. TEM images for (a1-a2) the HS sample and (b1-b2) the CR sample.
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Fig. 2a1 and 2a2, while those for the CR sample are shown in
Fig. 2b1 and 2b2. In the HS sample, both large grains with grain
size of about several or 10 lm (marked by blue text) and small
ultra-fine grains (UFGs) with grain size of about 1 lm or less
(marked by yellow text and arrows) can be observed. Straight
annealed coherent twin boundaries can also be observed in the
HS sample. The dislocation density is very relatively low in the
HS sample, especially in the large grains. Due to the large grains,
no high-angle grain boundaries are observed in the TEM images
for the CR sample, while high density of sub-grain structures can
be observed (Fig. 2b1 and 2b2). Planar dislocations on two slip
{111} planes are observed, Taylor lattices with a relatively low
energy are formed due to high density of planar dislocations on
two slip systems [17]. Small domains can be divided by these Tay-
lor lattices, resulting in strengthening and reduced strain harden-
ing capacity.

Then tensile properties for the typical four samples (CG,
ECAP + CR, CR, HS) are displayed in Fig. 3. Fig. 3a and 3b show
the engineering stress–strain curves and the curves for the normal-
ized harden rate ( @r=@eð Þ=r) as a function of true strain. The CG
sample has a low yield strength of 523 MPa, while a uniform elon-
gation as high as 71.5 %. After severe plastic deformation by ECAP
and CR, the yield strength is elevated to 1580 MPa, while the uni-
form elongation is reduced to almost zero. The yield strength is
about 1048 MPa, and the uniform elongation is 7.2 % for the CR
sample. The HS sample has a similar yield strength (998 MPa) as
compared to the CR sample, while the HS sample has a much
higher uniform elongation (34.5 %). The total elongations are about
34.9 % and 43.8 % for the CR sample and the HS sample, respec-
tively. Thus, the heterogeneous grain structures show a better syn-
ergy of strength and ductility due to the HDI hardening and GNDs
induced at domain boundaries [33]. The HS sample also shows a
much higher normalized hardening rate as compared to the CR
sample, and displays an up-turn phenomenon, which can be attrib-
uted to the elastic–plastic transition stage for the heterogeneous
4

grain structures and the strain partitioning between grains with
various grain sizes [33]. It is interesting to note that the normalized
hardening rate in the HS sample is even higher than that in the CG
sample at some strain range. The LUR tests have been conducted
on the three samples (the CR sample, the HS sample and the CG
sample), the true stress–strain curves for LUR tests on these three
samples are shown in Fig. 3c. Based on the method proposed in our
previous paper [33], the back stress (rHDI) can be calculated, and
then the back stress (rHDI) and the fraction of HDI stress on the
overall flow stress (rHDI=rf ) are plotted as a function of true strain
for these three samples. It is clearly indicated that HDI hardening
plays a more important role in the HS sample, as compared to
the CG sample and the CR sample, resulting in better tensile prop-
erties in the HS sample.

The fracture toughness values for the HS sample and the CR
sample have been obtained and compared. These two samples
have similar yield strength, thus the fracture toughness of hetero-
geneous grain structure (the HS sample) could be compared to the
homogeneous structure (the CR sample) at the similar strength
level. The curves of force P vs displacement for these two samples
are displayed in Fig. 4a. The maximum force value can be defined
as Pmax, while the force point with a slope equal to 95 % of the ini-
tial slope can be denoted as PQ. Thus obvious plastic deformation
around crack tip before crack propagation can be identified since
Pmax/ PQ is larger than 1.1. Since the critical stress-intensity factor
KIC is usually defined under the linear-elastic plane strain condi-
tion, thus the direct calculations for KIC from these curves are not
valid any more. Thus, J-integral method is used to obtain the JQ
since the elastic–plastic conditions are applied for these two
samples.

The J-R curves (J-integral vs crack extension 4a) for these two
samples are shown in Fig. 4b. The sample thickness and the initial
left crack ligament (W-a0) were selected to satisfy the plane strain
condition based on the ASTM standard E1820 [45]. Moreover, the
machined side grooves can guarantee that the cracks propagate



Fig. 3. Tensile properties for the typical four samples (CG, ECAP + CR, CR, HS). (a) Engineering stress–strain curves. (b) Normalized harden rate ( @r=@eð Þ=r) vs true strain. (c)
True stress–strain curves for LUR tests. (d) Curves of rHDI and rHDI=rf as a function of true strain.
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straightly. Thus, JQ can be considered as the intrinsic fracture
toughness of materials (JIC), and JIC can be determined by the inter-
sections of 0.2 mm offset blunting lines with the J-R curves. The
values of JIC for the CR sample and the HS sample are calculated
to be 193.9 and 254.2 kJ/m2, respectively. The values of critical
stress-intensity factor KIC for these samples can be determined to
be 211.5 and 242.2 MPa�m1/2, respectively, based on the equation

of K IC ¼
ffiffiffiffiffiffiffiffi
EJIC
1�v2

q
(E = 210 GPa is the Young’s modulus, v = 0.3 is the

Poisson’s ratio). It is clearly indicated that the HS sample has
higher fracture toughness, larger tensile uniform elongation, stron-
ger strain hardening at the similar yield strength level, as com-
pared to the CR sample. Thus, the heterogeneous grain structure
(the HS sample) is found to have a better synergy of strength and
ductility/toughness over the homogeneous structure (the CR sam-
ple) in the present MBIP steel. The K IC is plotted as a function of ry

for the present data in Fig. 4c, along with the data for the other
advanced steels [9,41,46–53]. Three repeated tests were conducted
for each sample, and the error bars are provided in Fig. 4c. It is also
clearly observed that the present MBIP steel has a better synergy of
strength and fracture toughness, as compared to the other
advanced steels.

The fracture surfaces of the aforementioned two samples after
fracture toughness tests are characterized by SEM in Fig. 5 for
revealing the toughening mechanisms. These two samples both
show typical ductile fracture features. Lots of ductile dimples can
be observed for both samples, thus the nucleation and propagation
5

of cracks should be accompanied with initiation and coalescence of
microvoids. The dimple size distributions for the HS sample and
the CR sample are displayed in Fig. 5a3 and 5b3. It is interesting
to note that the dimple size of the CR sample is relatively uniform,
while a bimodal dimple size distribution can be observed for the
HS sample, which could be attributed to the heterogeneous grain
distribution in the HS sample. Thus, the high fracture toughness
in these two samples can be attributed to the high density of dim-
ples and the ductile fracture mode.

The fracture toughness of materials is generally dependent on
the size of plastic zone and the strain hardening capacity around
the crack tip. Thus, the contours for the micro-hardness distribu-
tions around the crack tips for the HS sample and the CR samples
are displayed and compared in Fig. 6. Based on these two contours,
the micro-hardness is averaged at the same distance from the
crack tips, and then the average value of micro-hardness is plotted
as a function of distance from the crack tips in Fig. 6a2 and 6b2 for
the HS sample and the CR sample, respectively. Here, the plastic
zone can be defined as the area with obvious higher hardness than
that before fracture toughness tests. Based on this definition, the
size of plastic zone is estimated to be about 1.7 mm and 1.0 mm
for the HS sample and the CR sample, respectively. Moreover, the
average hardness increment in the plastic zone is calculated to
be about 1.21 GPa and 0.55 GPa for the HS sample and the CR sam-
ple, respectively. The average hardness increment in the plastic
zone can be considered as an indicator for the strain hardening
capacity around the crack tip. It is also well known that the size



Fig. 4. The curves of fracture toughness tests for the CR sample and the HS sample. (a) Force P vs load-line displacement. (b) J-R curves. (c) K IC vs ry for the present data, along
with the data for the other advanced steels [9,41,46–53].
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of plastic zone around the crack tips is proportional to the square
of intrinsic fracture toughness at a given strength. Thus, the size
of plastic zone and the strain hardening capacity around the crack
tip for the heterogeneous grain structures are observed to be much
larger/higher than those for the homogeneous grain structures at
the same level of yield strength, resulting in better fracture tough-
ness in the heterogeneous grain structures.

The detailed EBSD characterizations along the cracks for the HS
sample and the CR sample are displayed in Figs. 7 and 8, respec-
tively. The IPF image, the image with various boundaries (high-
angle grain boundaries, low-angle grain boundaries and twin
boundaries) and the KAM image along the crack path for the HS
sample are shown in Fig. 7a1-7a3, the corresponding close-up
views for the crack tip area in Fig. 7a1-7a3 are displayed in Fig. 7-
b1-7b3. The grain size distribution at the adjacent area of the crack
path after fracture test for the HS sample is shown in Fig. 7a4. It is
clearly observed that the volume fraction of the small grains
increases and the average grain size decreases at the adjacent area
of crack path after fracture test for the HS sample. This grain refine-
ment could be due to the high magnitude of the plastic deforma-
tion at the adjacent area of the main crack path. Thus the strain
6

hardening from so-called ‘‘dynamic HAP effect” [11,12] should
be responsible for the high fracture toughness in the HS sample.
The histogram distributions of KAM value along the crack path
for both UFGs and CGs prior to and after fracture test are shown
in Fig. 7b4. It is clearly shown that the average KAM value at the
adjacent area of the crack path is much higher than that away from
the crack path, is also much higher than that prior to fracture
toughness tests (4KAM = 0.92� for UFGs, 4KAM = 1.90� for CGs).
High density of GNDs can be due to the plastic deformation incom-
patibility between large grains and small grains, as well as the
plastic deformation incompatibility in the grain interiors. It also
should be noted that much higher density of low-angle GBs can
be observed at the adjacent area of the crack path, which is consis-
tent with the higher KAM value for the adjacent area of the crack
path. These observations indicate that high density of GNDs can
be induced and numerous low-angle GBs can be formed with the
propagation of cracks, resulting in strong strain hardening for high
fracture toughness. Moreover, numerous microvoids can also be
observed besides the main crack, thus more energy can be dissi-
pated during the crack propagation for higher fracture toughness.
These microvoids also confirm that the nucleation and propagation



Fig. 5. Fractographies for the HS sample and the CR sample after fracture tests. (a1-a2) SEM observations for the fracture surface of the HS sample. (b1-b2) SEM observations
for the fracture surface of the CR sample. The dimple size distributions for (a3) the HS sample and (b3) the CR sample.

Fig. 6. Contours of the micro-hardness distributions around the crack tips and average micro-hardness values as a function of distance from the crack tips: (a1-a2) for the HS
sample; (b1-b2) for the CR sample.
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of the main crack are fulfilled by initiation and coalescence of
microvoids.

The IPF image, the image with various boundaries (high-angle
grain boundaries, low-angle grain boundaries and twin bound-
aries) and the KAM image along the crack path for the CR sample
are displayed in Fig. 8a1-8a3, and the close-up views of IPF images
7

for the crack tip area are shown in Fig. 8b1-8b2. The histogram dis-
tributions of KAM value along the crack path for the CR sample
prior to and after fracture test are shown in Fig. 8b3. It is clearly
indicated that the KAM value is uniformly distributed both at the
adjacent area and away from the crack path. Moreover, the average
increment of KAM value in Fig. 8b3 is estimated to be 0.82�, which



Fig. 7. EBSD characterizations along the crack for the HS sample. (a1) IPF image. (a2) Map with various boundaries. (a3) KAMmap. (a4) Grain size distribution at the adjacent
area of the crack path after fracture test. (b1-b3) The corresponding close-up views for the crack tip area. (b4) The histogram distributions of KAM value along the crack path
for both UFGs and CGs prior to and after fracture test.

Fig. 8. EBSD characterizations along the crack for the CR sample. (a1) IPF image. (a2) Map with various boundaries. (a3) KAM map. (b1-b2) The corresponding close-up views
of IPF images for the crack tip area. (b3) The histogram distributions of KAM value along the crack path prior to and after fracture test.
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is much smaller than that for the HS sample. These observations
indicate that the plastic deformation is smaller and the strain hard-
ening capacity is lower around the crack path in the CR sample as
compared to the HS sample. Moreover, few microvoids are
observed besides the main crack, resulting in less energy dissipa-
tion during the crack extension. The lower fracture toughness in
the CR sample can be attributed to these observations.
8

TEM characterizations at the adjacent area of the crack tip after
fracture tests for the HS sample and the CR sample are displayed in
Figs. 9 and 10, respectively. As indicated in Fig. 9c1, 9c2 and 9c3 for
the HS sample, the density of dislocations is observed to be very
low in both large CG grains and small UFG grains at a distance of
2.0 mm from the crack tip (out of plastic area, rp = 1.7 mm), which
is consistent with the plastic zone size in the Fig. 6a2. At a closer



Fig. 9. TEM characterizations at the adjacent area of the crack tip for the HS sample. (a1,a2) At the crack tip for CGs. (b1,b2) With a distance of 0.8 mm from the crack tip for
CGs. (c1,c2) With a distance of 2.0 mm from the crack tip for CGs. (a3) At the crack tip for UFGs. (b3) With a distance of 0.8 mm from the crack tip for UFGs. (c3) With a
distance of 2.0 mm from the crack tip for UFGs. Dotted lines: slip traces; solid lines: microbands. The insets in a1 and a2 are the selected diffraction patterns for the circled
areas.

Fig. 10. TEM characterizations at the adjacent area of the crack tip for the CR sample. (a1,a2) At the crack tip. (b1,b2) With a distance of 0.4 mm from the crack tip. (c1,c2)
With a distance of 1.2 mm from the crack tip. Dotted lines: slip traces.
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distance from the crack tip (0.8 mm, in the plastic area of the crack
tip), numerous planar dislocation glides on two {111} planes are
observed in both large CG grains and small UFG grains, and these
planar dislocations are found to form Taylor lattices with a rela-
tively low energy (Fig. 9b1, 9b2 and 9b3). The magnitude of the
plastic strain is obviously higher at the crack tip, thus single-wall
domain boundaries (DBs) form and paired-wall dislocation struc-
tures along two directions are observed in the large CG grains,
forming microbands (Fig. 9a1 and 9a2). These paralleled micro-
bands divide the grain interior into lots of diamond shaped
domains with well-defined boundaries by high density of GNDs.
While only Taylor lattices are observed in the small UFG grains
at the crack tip (Fig. 9a3). These observations indicate that the for-
mation of microbands is highly dependent on the grain size and
requires high magnitude of plastic deformation for the present
steel. The formation of microbands can provide strong strain hard-
ening around the crack tip, thus delaying the initiation and propa-
gation of the main crack for high fracture toughness.

It should be recalled that Taylor lattices with a relatively low
energy already exist in the CR sample prior to fracture tests
(Fig. 2b1 and 2b2). The density of Taylor lattices and the spacing
between Taylor lattices at a distance of 1.2 mm from the crack
tip (out of plastic area, rp = 1.0 mm, Fig. 10c1 and 10c2) seem sim-
ilar to these prior to fracture tests. At a closer distance from the
crack tip (0.4 mm, in the plastic area of the crack tip), the density
of Taylor lattices becomes higher and the spacing between Taylor
lattices is observed to be smaller due to the certain magnitude of
plastic strain at this distance (Fig. 10b1 and 10b2). With even
higher magnitude of the plastic strain at the crack tip, Taylor lat-
tices become even denser with an extremely smaller interspacing,
while no microbands are observed in the CR sample (Fig. 10a1 and
10a2). Thus, the observed higher fracture toughness in the HS sam-
ple can be partly attributed to the formation of microbands.

4. Summaries and conclusions

In the present study, heterogeneous grain structures have been
designed and fabricated in a high Mn steel. Then the tensile and
fracture behaviors, and the corresponding hardening and toughen-
ing mechanisms for the heterogeneous grain structures have been
studied and compared with those for the homogeneous structures.
The new findings are presented as follows:

(1) Larger uniform elongation, stronger strain hardening and
higher fracture toughness are observed in the heterogeneous
grain structures at the similar yield strength level, as com-
pared to the homogeneous structures. A bimodal dimple size
distribution is observed for the heterogeneous grain
structures.

(2) The size of plastic zone and the strain hardening capacity
around the crack tip are observed to be much larger/higher
for the heterogeneous grain structures at the same level of
yield strength, as compared to the homogeneous grain struc-
tures, resulting in better fracture toughness in the heteroge-
neous grain structures.

(3) Both grain refinement and high density of geometrically
necessary dislocations are observed to be induced at the
adjacent area of the main crack path due to the heteroge-
neous grain size and the high magnitude of plastic deforma-
tion, and numerous microvoids are also generated besides
the main crack during the crack initiation and propagation
for the heterogeneous grain structures, resulting in more
energy dissipation for higher fracture toughness.

(4) The microstructure deformation mechanisms at the adjacent
area of the crack tip are significantly influenced by the mag-
nitude of plastic strain and the grain size in the HS sample.
10
The formation of microbands can provide strong strain hard-
ening around the crack tip, thus delaying the initiation and
propagation of the main crack for the HS sample. The
observed higher fracture toughness in the HS sample can
be partly attributed to the formation of microbands, which
is not observed in the CR sample. The present findings
should provide insights on designing heterogeneous
microstructures for obtained excellent synergy of strength
and toughness in steels.
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